Introduction
The Apicomplexa are a phylum of obligate intracellular pathogenic protozoa that cause significant morbidity and mortality in animals and humans. This phylum includes the etiologic agents of malaria (Plasmodium spp.) and toxoplasmosis (Toxoplasma gondii). Apicomplexan parasites undergo complex life cycles involving several stages, morphologies and host cells. One of the mechanisms by which parasites likely regulate responses to extracellular stimuli and life cycle transitions is through post-translational modifications (PTMs). PTMs are covalent and (primarily) enzymatically driven modifications of proteins that occur following protein synthesis. To date, over 300 different PTMs have been described (Witze et al., 2007) . Common PTMs include phosphorylation, acetylation and glycosylation. PTMs massively increase the complexity of organismal proteomes and play a role in almost all aspects of cell biology, allowing for finetuning of protein structure, function and localization. It is estimated that, in higher eukaryotes, up to 5% of the genome encodes the machinery required for regulation of PTMs (Walsh et al., 2005) . Many PTMs are reversible and regulated according to cell cycle stage and localisation, with dynamic regulation of these PTMs being catalyzed by specialized enzymes. Proteolysis is another form of PTM on proteins that has been previously studied with regard to its role in apicomplexan egress, reviewed in (Blackman, 2008; Blackman and Carruthers, 2013) . PTMs play important roles in cellular processes and can occur at any point in the life span of a protein.
PTMs have a wide array of functions; they can alter protein localization, cause protein-protein interactions to form or be prevented, or activate and inactivate a protein.
PTMs are often transient, and substoichiometric, that is, they occur on some but not all molecules of a protein. This makes detection of PTMs by immunoblot or unenriched proteomic approaches difficult and enrichment is often required to detect these modifications (e.g., Mertins et al., 2013; Doll and Burlingame, 2015) . Improvements in proteomic and mass spectrometry methods, as well as sample preparation, have been exploited in a large number of proteome-wide surveys of PTMs in many different organisms (reviewed in Mann and Jensen, 2003; Seo and Lee, 2004; Swaney and Villen, 2016) . Alongside studies of the impact of PTMs on individual proteins, several proteome-wide studies of PTMs have surveyed specific modifications in Apicomplexan parasites, mostly in T. gondii and P. falciparum (summarized in Table 1 ). These global studies offer numerous insights into the abundance and function of each PTM in the Apicomplexa. This review discusses studies of PTMs in the Apicomplexa, the role(s) of PTMs in parasite-specific and conserved eukaryotic processes, and examines the potential crosstalk between various PTMs that ultimately regulate the complex lives of these protozoa.
Insights from proteomic studies
Recent proteome-wide studies of PTMs have provided numerous insights into the abundance and targets of modifications in the Apicomplexa. Table 1 summarizes data from a number of PTM proteomic studies conducted on members of the Apicomplexa. Phosphorylation, a highly dynamic modification important for cellular signaling among other functions, is the most prevalent PTM in both T. gondii and P. falciparum, covering over 30% of the predicted proteomes (Treeck et al., 2011; Alam et al., 2015) . Lysine acetylation was found to modify almost 14% of the P. falciparum proteome and modifies proteins in diverse biological pathways. In contrast, only approximately 5% of the T. gondii predicted proteome was detected as being lysine acetylated (Xue et al., 2013) . Recently, the significance of arginine methylation as a dynamic modification has emerged. Arginine monomethylated (MMA) proteins are involved in a wide range of functions and enriched in DNA and RNA binding proteins, many of which are highly modified by up to 7 MMA sites . The MMA proteome covers almost 5% of the T. gondii proteome . Ubiquitination was detected as being similarly abundant, on up to 5% of the T. gondii or P. falciparum predicted proteomes (Ponts et al., 2011; Silmon de Monerri et al., 2015) . A number of modifications appear to be of lower abundance, although it is important to note that coverage in a proteome is governed by the limit of detection of the enrichment strategy applied. A study of the succinyllysine proteome of T. gondii identified 1.8% of the proteome as being lysine succinylated (Li et al., 2014) . More than one quarter of succinyllysine proteins localize to the mitochondria, and another quarter of succinyllysine proteins localize to the apicoplast, which is important for fatty acid and isoprenoid synthesis among other functions (McFadden and Yeh, 2017) . SUMOylation, the covalent attachment of small ubiquitin-related modifier to a lysine residue, is ubiquitously expressed in eukaryotes and is involved in a large number of cellular functions including transcription, DNA replication and repair, chromosome segregation, mitochondrial fission, ion transport and signal transduction (Geiss-Friedlander and Melchior, 2007) . Around 1% of the T. gondii and P. falciparum predicted proteomes have been shown to be SUMOylated (Braun et al., 2009) . Other studies have used lectin affinity chromatography and identified over a hundred glycosylated proteins in T. gondii Wang et al., 2016) . Overall, these proteomic surveys indicate that PTMs are abundant in the Apicomplexa and are found on proteins involved in many critical biological pathways.
PTM-modified proteins present a number of challenges for the identification of PTM proteomes in biologically complex samples. It has been proposed that only half of all spectra acquired in tandem mass spectrometry from a shotgun proteomics experiment are successfully matched to a peptide with high confidence, although most unmatched peptides are of reasonably good quality Chick et al., 2015) . Reasons for unmatched spectra include peptides with substoichiometric PTMs, unexpected PTMs, amino acid variants not present in the database due to sequencing errors and polymorphisms. Unknown modifications are most often biological, chemical or mass spectrometrically induced (Nielsen et al., 2008; Palmisano et al., 2012) . The impact of these limitations is greatest in proteome-wide experiments where very low abundance proteins may be missed in favor of selecting more prevalent proteins for MS/MS. Further, the ionization/detection of modified peptides is compromised compared with unmodified counterparts (Johnson and Eyers, 2010) . Conversely, there are a number of pitfalls leading to high false discovery rates (FDRs), including PTMs assigned to the wrong protein, peptide or residue in cases where PTMs are isobaric with other moieties or due to limitations in mass accuracy of mass spectrometers (Kim et al., 2016) . Some of these issues are inherent to MS-based proteomics as MS is not able to trace the peptide back to the protein of its origin. There have been many efforts and tools available to computationally solve some of these problems (Li and Radivojac, 2012) ; however, PTMs may still be incorrectly assigned and probability cutoffs for PTMs while helpful are largely arbitrarily determined (Kim et al., 2016) . All of the mentioned issues and others such as the database, the algorithm used to search the database, the method of PTM enrichment, the enzyme used to produce peptides, fragmentation methods and method of quantitation must all be considered when assessing the confidence in an identified PTM.
PTMs in motility, invasion and egress
The glideosome is a macromolecular machine that facilitates gliding motility in the Apicomplexa, playing an essential role in host cell invasion and egress. The glideosome comprises the motor complex and adhesive proteins that are anchored in the parasite plasma membrane (reviewed in Keeley and Soldati, 2004) . The motor complex is the core component responsible for parasite motility and host cell invasion (Meissner et al., 2002) and consists of myosin heavy chain protein TgMyoA (Herm-Gotz et al., 2002; Nebl et al., 2011) , two myosin light chains: TgMLC1, TgELC1 and gliding associated proteins TgGAP45 and TgGAP50 . The motor complex is highly modified by palmitoylation, ubiquitin, phosphorylation and methylated on, for example, myosin heavy chain and myosin E, F and J . Ubiquitination has been found on some of the glidosome proteins (TgGAP40, TgGAP45, TgGAP50, TgMLC1 and several myosins), and has been speculated to be important for rearrangement of the cytoskeleton as it is abundant on cytoskeletal and structural proteins in T. gondii (Silmon de Monerri et al., 2015) .
The glideosome is a major target of multiple PTMs that likely engage in crosstalk to regulate motility in this organism. For instance, TgGAP45 is a critical glideosome component that functions in parasite gliding, invasion and egress. In T. gondii, it is ubiquitinated (Silmon de Monerri et al., 2015) , myristoylated, palmitoylated (Frenal et al., 2010) and phosphorylated (Gilk et al., 2009) . These modifications probably target TgGAP45 to the mature glideosome (Gaskins et al., 2004; ReesChanner et al., 2006; Johnson et al., 2007) . Complementation of a TgGAP45 deletion mutant with PfGAP45, a Plasmodium ortholog that cannot be myristoylated or palmitoylated at the C-terminus and contains additional phosphorylation sites (Jacot and Soldati-Favre, 2012 ), however, is still able to restore glideosome function (Frenal et al., 2010) . The function of ubiquitination on TgGAP45 is not known.
All components of the glideosome are phosphorylated in regions that are conserved across the Apicomplexa phylum (Green et al., 2008; Gilk et al., 2009; Nebl et al., 2011; Treeck et al., 2011; Jacot and Soldati-Favre, 2012; Tang et al., 2014) ; and 10 phosphorylation sites were identified on motor proteins (Nebl et al., 2011) and at least an additional four in another study (Treeck et al., 2011) . The functions of some of these phosphorylation sites have been determined. Multiple phosphorylation sites on TgGAP45 have been demonstrated to control the final step of assembly of the glideosome machinery components (Gilk et al., 2009) . Gilk et al. speculate that TgGAP45 phosphorylation prevents premature recruitment of the TgGAP45-MyoA-MLC1 precomplex, that is assembled in the cytoplasm before being recruited to the inner membrane complex (IMC) in mature parasites. TgGAP45 tethers the IMC and plasma membrane, and recruits MyoA and MLC1 (Frenal et al., 2010) ; however, deletion of a highly phosphorylated portion of TgGAP45 did not influence its ability to recruit motor components or alter the integrity of the IMC . When two sites on TgGAP45 (S163 and S167) are phosphorylated, these sites have been demonstrated to prevent TgGAP45 association with TgGAP50, thus, blocking the final step of assembly of the mature myosin A motor complex (Gilk et al., 2009) . In contrast to TgGAP45, the impact of phosphorylation of TgMLC1 is unclear; systematic mutation of several phosphorylation sites on TgMLC1 did not impact glideosome function , though the function of several remaining sites have yet to be examined. Together, these observations suggest that this heavily phosphorylated region plays a role in protein-protein interactions and may help regulate motility (Nebl et al., 2011) .
A phosphoproteomic study identified protein kinase G (PKG) as a signaling hub for egress and invasion with 69 proteins subject to PKG-dependent phosphorylation either directly or indirectly through other kinases (Alam et al., 2015) . PKG is thought to be involved in a calcium-dependent pathway where cGMP, which has been linked to calcium signaling in previous studies (Dvorin et al., 2010; Brochet et al., 2014) , regulates PKG, which has many cellular targets including the calcium dependent kinase, PfCDPK1. Inhibition of PfCDPK1 leads to inhibition of egress and microneme discharge (Alam et al., 2015) . The PfCDPK1 homologue in T. gondii, TgCDPK3, is known to play a role in calcium dependent egress and has now been shown to phosphorylate motor protein TgMyoA at serine 21 and 743, which is important in initiating gliding motility and egress (McCoy et al., 2012; Gaji et al., 2015) . Similarities in the function of these effector proteins may indicate conservation of a shared egress pathway in the Apicomplexa.
In addition to phosphorylation, palmitoylation, the addition of a 16-carbon palmitic acid to a cysteine residue, has been found to play an important role in glideosome proteins, due to its role in trafficking, protein stability and membrane association (Rees-Channer et al., 2006; Frenal et al., 2010) . In eukaryotes, palmitoylation plays an important role in regulating protein association with membranes by providing a lipid anchor (reviewed in (Ray et al., 2017) . Palmitoylation controls targeting to specific membranous organelles or subcompartments of the cell with effects on protein-protein interactions and protein stability (Resh, 2006; Linder and Deschenes, 2007; Aicart-Ramos et al., 2011) . In a comprehensive analysis of palmitoylated proteins in T. gondii by a metabolic labeling approach, Foe et al. confirmed palmitoylation of MLC1 and MyoA, as well as (Cobbold et al., 2016) T. gondii Anti-acetyllysine antibodies LTQ mass spectrometer (Miao et al., 2013) T. gondii Anti-succinyl lysine antibody Q Exactive Orbitrap mass spectrometer (Li et al., 2014) Post-translational modifications in apicomplexans 5 GAP45, GAP40, GAP50 and GAP70 or GAP80, providing further evidence that the glideosome is heavily palmitoylated (Foe et al., 2015) . A second proteomic study (using acyl-biotin exchange coupled with mass spectrometry) also identified numerous palmitoylated proteins in T. gondii (Caballero et al., 2016) . Palmitoylated Cterminal cysteines are thought to be required for TgGAP45 to link the IMC to the plasma membrane, whereas N-terminal myristoylation and palmitoylation of TgGAP45 target the motor complex to the plasma membrane before anchoring it in the IMC (Frenal et al., 2010) . In both P. falciparum and T. gondii, inhibition of palmitoylation reduces invasion and results in rhoptry mislocalization to the cytoplasm (Jones et al., 2012; Caballero et al., 2016) . A large number of invasion-related proteins are palmitoylated (Foe et al., 2015; Caballero et al., 2016) with numerous studies linking palmitoylation to host cell invasion. Foe et al. demonstrated that blocking palmitoylation of AMA1 in T. gondii increases release of MIC2, a microneme protein, but not rhoptry or dense granule proteins (Foe et al., 2015) . The likely target cysteine residue on AMA1 is not conserved in P. falciparum (Foe et al., 2015) . Treatment of T. gondii and P. falciparum with the palmitoylation inhibitor 2-bromopalmitate significantly reduces invasion (Alonso et al., 2012; Jones et al., 2012) . In T. gondii, Alonso et al. attribute this phenotype to depalmitoylation of cytoskeletal proteins, a-tubulin, IMC1, GAP45, HSP20 and Morn-1. The same study showed that blocking palmitoylation impaired invasion and led to an increase in noncircular gliding motility. P. falciparum parasites treated with 2-bromopalmitate had lowered erythrocyte invasion, mislocalized rhoptries and PfGAP45 detached from the membrane and was degraded (Jones et al., 2012) . Conversely, through a chemical genetics screen, Child et al. identified a T. gondii depalmitoylase (TgPPT1), which when inhibited led to an increase in motility and invasive capacity of tachyzoites (Child et al., 2013) . Together, these data suggest that parasite motility and invasion requires tight regulation of palmitoylation.
The apical lysine methyltransferase (AKMT) has been found to regulate motility activation in T. gondii (Heaslip et al., 2011) . It has been proposed that AKMT function is linked to its time-dependent relocation from the apical complex to the parasite body observed following egress signals. Loss of AKMT activity impaired both parasite invasion and egress as both processes require parasite motility and indicate that AKMT mediated methylation is necessary for these processes (Heaslip et al., 2011) . When expressed alone, the predicted enzymatic SET domain and cysteine cluster had relatively weak lysine methyltransferase activity and were unable to complement AKMT function; however, the inclusion of the Cterminal domain produced an active enzyme capable of activation of motility during egress (Sivagurunathan et al., 2013) . AKMT mutants exhibit similar phenotypes to parasites lacking MyoA (Meissner et al., 2002) and GAP45 (Frenal et al., 2010) , indicating that AKMT may be directly or indirectly controlling the function of the motility apparatus (Heaslip et al., 2011) .
Although not much is known about the functional consequences of glycosylation on invasion associated proteins, T. gondii treated with tunicamycin (an inhibitor of N-linked glycosylation) were found to have defects in invasion and motility, suggesting a role for glycosylation in glideosome function (Fauquenoy et al., 2008; Luk et al., 2008) . In P. falciparum, O-fucosyltransferase has been shown to be important for normal trafficking of a subset of surface proteins, particularly CSP and TRAP, and O-fucosylation of these proteins is necessary for sporozoite gliding motility, cell traversal, hepatocyte invasion and the production of exoerythrocytic forms leading to efficient infection of mosquito and vertebrate hosts. (Lopaticki et al., 2017) . Conversely, O-fucosylation in T. gondii appears to be a mechanism by which proteins involved in gene expression accumulate near the nuclear pore complex (Bandini et al., 2016) , suggesting that this PTM may have an analogous role to OGlcNAcylation in gene expression in other eukaryotes.
Given the large number of PTMs on glideosome proteins and other proteins involved in invasion, determining the role of specific PTMs in these aspects of parasite biology remains challenging. Further inquiry into parasite specific modifications, the role of synergistic effects of PTMs at specific sites on glideosome components, and the role of PTM crosstalk are needed to dissect the role of PTMs in glideosome biology.
PTMs of the IMC
The IMC is a pellicle composed of flattened cisternae that underlie the plasma membrane, where it associates with intermediate filament-like proteins and subpellicular microtubules (Morrissette et al., 1997) . In Apicomplexa, the IMC cisternae are linked by sutures, forming an interconnected network of vesicles, involved in host cell invasion and scaffolding during cytokinesis (Kono et al., 2013) . Multiple studies have identified palmitoylation as a key regulator of protein localization to the IMC in T. gondii and P. falciparum. On palmitoylation, several IMC-subcompartment proteins (ISPs) localize to the IMC (Beck et al., 2010; Fung et al., 2012) . ISP1, ISP2 and ISP3, are subject to modification, first by myristoylation to facilitate association with the IMC, followed by palmitoylation to anchor the proteins in membranes (Beck et al., 2010) . ISP1, ISP2 and ISP3 require both myristoylation and palmitoylation for IMC targeting, whereas ISP4 is solely dependent on palmitoylation to reach the IMC. ISPs are restricted to the Apicomplexa phylum and likely play specialized roles in parasite biology, such as ISP2 which is required for the regulation of endodyogeny (Beck et al., 2010) . ISPs are subject to a hierarchical membrane targeting system, wherein ISP1 excludes ISP2, ISP3 and ISP4 from the apical cap region of the IMC (Beck et al., 2010) . The ISPs weakly associate with the IMC membrane through cotranslational myristoylation and are subsequently stably attached by palmitoylation (Beck et al., 2010) . This phenomenon is known as 'kinetic trapping' and shows that palmitoylation is highly specific and functionally distinct from other forms of protein lipidation.
TgCDPK3 (Garrison et al., 2012; McCoy et al., 2012) , GAP45 (Frenal et al., 2010) and HXGPRT (Chaudhary et al., 2005 ) also localize to the IMC on palmitoylation. HSP20, shown to play roles in host cell invasion in Babesia divergens, T. gondii and Neospora caninum, localizes to the IMC following palmitoylation in T. gondii and P. falciparum (Montagna et al., 2012a (Montagna et al., , 2012b De Napoli et al., 2013) . The cysteine residues of HSP20 that are targets of palmitoylation are conserved across the Apicomplexa phylum and HSP20 represents another protein whose palmitoylation status determines localization to the IMC (Chaudhary et al., 2005; Rees-Channer et al., 2006; Garrison et al., 2012) . Treatment of parasites with 2-bromopalmitate caused TgHSP20 to switch localization from IMC to cytosol, suggesting that palmitoylation serves to anchor HSP20 in the IMC (De Napoli et al., 2013) . A mutant of HSP20 unable to be palmitoylated localized to the IMC in daughter cells and to the cytosol in mature cells, indicating that palmitoylation is required for retaining HSP20 in the IMC as T. gondii matures (De Napoli et al., 2013) .
Although palmitoylation is the most well-studied PTM of IMC proteins, there are other modifications whose importance for the function of this structure are emerging. The ubiquitin proteome of T. gondii is composed of 18% cytoskeletal and IMC proteins including most proteins present in the glideosome, as well as at least seven IMC proteins and a-and b-tubulin (Silmon de Monerri et al., 2015) . In eukaryotes, ubiquitination of tubulin regulates tubulin polymerization and inhibits microtubule formation (Bheda et al., 2010) ; it may have similar regulatory effects on parasite tubulin. Several methylated IMC proteins were also found in an examination of the T. gondii monomethylome including IMC1, IMC4 and SPM2 . Similarly, three phosphorylated serines on TgISP2, two phosphorylated serines on TgISP3 and phosphorylation of PfISP3 were identified in the T. gondii and P. falciparum phosphoproteomes (Treeck et al., 2011) . TgISPs can potentially multimerize and adopt a pleckstrin homology domain, which has high affinity binding sites for membraneassociated inositol phosphates. These features paint a complex picture of how TgISPs may be able to regulate biological functions such as cell division and protein recruitment (Tonkin et al., 2014) .
PTMs in transcriptional and post-transcriptional regulation
Apicomplexan parasites undergo complex developmental stages within their hosts and are subject to highly coordinated gene expression (Bozdech et al., 2003; Le Roch et al., 2003) , which together suggest a need for tightly regulated mRNA transcription. During P. falciparum asexual development, parasites undergo waves of transcription and PTMs are thought to fill an important regulatory role therein. Analysis of P. falciparum asexual stage parasites by 2-dimensional gel proteomics demonstrated that many proteins have multiple isoforms that are probably due to different PTMs (Foth et al., 2008 (Foth et al., , 2011 . Apicomplexan genomes encode a large repertoire of predicted transcription factors, termed the Apicomplexan AP2-integrase domain containing proteins (ApiAP2), identified in 2005 using a bioinformatics approach (Balaji et al., 2005) . Several of these proteins have been shown to act as transcriptional activators (Yuda et al., 2009 (Yuda et al., , 2010 Licausi et al., 2013) or repressors (Radke et al., 2013; Modrzynska et al., 2017) .
There is evidence that several AP2 proteins are modified by PTMs and this may alter their function. On acetylation of its DNA-binding domain, the P. falciparum ApiAP2 PF3D7_1007700 was shown to lose its DNAbinding capability, indicating that acetylation may play a role in regulating parasite transcription (Cobbold et al., 2016) . PF3D7_1007700 has three AP2 DNA-binding domains, two of which harbor acetyllysines. Substitution of the two acetylated lysine residues with arginine (mimicking a non-acetylated lysine) did not alter DNA binding ability; however, substitution to a glutamine (mimicking an acetyl-lysine) and resulted in ablated DNA binding capability (Cobbold et al., 2016) . Loss of the positive charge at one acetyllysine site lead to loss of the DNA binding capacity at one of the AP2 DNA-binding sites. Aside from PF3D7_1007700, almost all of the other 62 acetylation sites detected on 16 ApiAP2 in P. falciparum occur outside of the AP2 DNA-binding site and any other functional domains (Cobbold et al., 2016) . This suggests that overall, if acetylation alters DNA binding activity it must do so in an allosteric manner. In T. gondii five ApiAP2 (AP2IX-5, AP2IX-7, AP2X-5, AP2XII-4 and AP2XII-8), have acetylation sites that lie outside of the AP2 DNA binding domain and one acetyl-lysine at K570 is found within the first AP2 DNA binding domain on AP2X-7 (TGME49_014840) (Jeffers and Sullivan, 2012) . Similar patterns are found with regard to arginine monomethylation, where this PTM has been found outside of the AP2 DNA-binding domain in ten ApiAP2 proteins . Ubiquitination sites have been found in five ApiAP2 in T. gondii (Silmon de Monerri et al., 2015) , with only AP2X-7 (TGME49_214840) containing ubiquitin (at K1368) within its third ApiAP2 domain. In the case of AP2X-4, AP2X-9, AP2X-3 and AP2XII-8 the ubiquitin sites lie outside of the ApiAP2 domain. Together, there is a trend for PTMs to occur outside of the DNA binding domain, suggesting that they predominantly control AP2 DNA binding via allosteric mechanisms.
RNA binding proteins also contain multiple PTMs including phosphorylation, glycosylation, methylation, SUMOylation and ubiquitination (Lee, 2012; Lovci et al., 2016; Yakubu et al., 2017) . Twenty two percent of RNA binding proteins are modified by MMA. Of 19 MMA proteins that contain an RNA-recognition motif (RRM) domain, only five contain MMA sites within the RRM domain . For example, MMA sites were detected within the RNA binding domain of the splicing factor SF2 (TGME49_319530) . In the human orthologue of this protein, MMA is proposed to play a novel regulatory role in assembly of SF2 into interchromatin granule clusters (Larsen et al., 2016) .
In eukaryotes, DNA is compacted into chromatin, a protein-DNA structure that is subjected to numerous PTMs, which influence the accessibility of DNA to transcription machinery (reviewed in Bougdour et al., 2010; Musselman et al., 2012; Dahlin et al., 2015) . Apicomplexan histones, the proteins around which DNA is wrapped, are highly modified by PTMs such as phosphorylation, methylation, ubiquitination, acetylation and SUMOylation (Saksouk et al., 2005; Miao et al., 2006; Issar et al., 2008; Braun et al., 2009; Trelle et al., 2009; Jeffers and Sullivan, 2012; Nardelli et al., 2013; Silmon de Monerri et al., 2015) . More recently succinylation (Xie et al., 2012) , crotonylation (Tan et al., 2011) and O-GlcNAcylation (Hanover, 2010) were added to the repertoire of histone modifying PTMs, and succinlyation and crotonylation have been found on T. gondii histones (Nardelli et al., 2013) . In T. gondii, phosphorylation marks were found at S1 of histone 4 and T107 of histone 3 (Nardelli et al., 2013) . Many of the conserved phosphorylation sites on H3 that have been linked to mitosis (Perez-Cadahia et al., 2009) were not detected in T. gondii (Nardelli et al., 2013) . The T. gondii ubiquitin proteome contains 35 ubiquitination sites on eight histones, including H2AX, H2B, H2BA and H3 (Silmon de Monerri et al., 2015) . As in other eukaryotes, histone acetylation is abundant in T. gondii and P. falciparum (Miao et al., 2006; Gissot et al., 2007; Trelle et al., 2009; Jeffers and Sullivan, 2012; Nardelli et al., 2013; Trenholme et al., 2014) and is associated with transcriptional activation (Gissot et al., 2007; Srivastava et al., 2014) . Histone acetylation is important for parasite viability and development in T. gondii (reviewed in Sullivan and Hakimi, 2006 ; Dixon et al., 2010) and DNA replication, repair and transcription in P. falciparum (Cui et al., 2007; Miao et al., 2010; reviewed in Kouzarides, 2007) .
A recent study in P. falciparum (Cobbold et al., 2016 ) demonstrated that acetyllysine heavily features on ApiAP2 transcriptional regulators. Acetylation influences AP2 DNA-binding capacity and in eukaryotes is altered in response to perturbations of the acetyl-CoA/acetate pool. This alteration suggests that acetylation is subject to metabolic regulation, thereby making it a candidate regulator of parasite sensing. Supporting this, Xue et al. found that extracellular T. gondii are enriched in acetylated proteins involved in metabolism, translation and chromatin biology (Xue et al., 2013) . In total 96 proteins were found to be uniquely acetylated in intracellular T. gondii, 216 in extracellular parasites and 177 proteins overlapping between the two conditions, indicating a change in acetylation between the two states (Jeffers and Sullivan, 2012; Xue et al., 2013) .
The observations of a ubiquitin-conjugated subunit of RNA polymerase II (Ponts et al., 2011; Silmon de Monerri et al., 2015) , which is associated with transcriptional arrest in yeast (reviewed in Svejstrup, 2007; Daulny and Tansey, 2009) , the occurrence of ubiquitinated ApiAP2 transcription factors (Ponts et al., 2011; Silmon de Monerri et al., 2015) , SUMOylation and ubiquitination of several histones (Issar et al., 2008; Silmon de Monerri et al., 2015) , and the recent discovery of TgOTUD3 in T. gondii, a cell cycle-dependent deubiquitinase (Dhara and Sinai, 2016) , implicate ubiquitin and ubiquitin-like modifiers in transcriptional regulation in P. falciparum and T. gondii. Proteasome-dependent ubiquitination may partly explain the poor correlation between mRNA transcripts and protein levels in P. falciparum (Le Roch et al., 2004) .
Turning to post-transcriptional regulation, differences in ribosomal protein acetylation may play a role in the global down-regulation of translation in extracellular parasites (Xue et al., 2013) . While in the extracellular environment parasites are exposed to a number of stressors, one of which is a lack of nutrients which can alter the pool of available acetyl-CoA. It is possible that P. falciparum and T. gondii use a conserved acetyl-CoA pathway to sense nutrient availability as a signal to influence downstream transcriptional activity, which is regulated through lysine acetylation.
These studies bring us closer to understanding the complete picture of how acetylation impacts parasite biology at numerous levels.
PTMs as regulators of parasite differentiation
The rapid, dynamic nature of PTMs makes them good candidates for regulators of stress responses associated with differentiation, which occur as parasites are exposed to different extracellular conditions and host cell factors. A number of studies have investigated global changes in PTMs in different parasite stages. Such experiments are challenging as they are limited by the amount of material that can be obtained. While T. gondii bradyzoites can be induced in vitro, obtaining large amounts of pure bradyzoites required for proteomic analysis is difficult (Bohne et al., 1994; Soete et al., 1994; Weiss et al., 1995) . In P. falciparum, obtaining adequate amounts of parasites is even more challenging (Ghosh et al., 2010; Ghosh and Jacobs-Lorena, 2013) . Differential protein expression across parasite stages has been surveyed by 2D-DIGE approaches in Neospora caninum (Marugan-Hernandez et al., 2010) and Besnoitia besnoiti (Fernandez-Garcia et al., 2013), but given the aforementioned challenges, little is known about the role of PTMs in differentiating parasites.
Several groups have surveyed PTMs in extracellular T. gondii tachyzoites as a model for cellular stress in the parasite. Extracellular tachyzoites undergo transcriptional and translational arrest (Croken et al., 2014) , have a unique transcriptional profile (Lescault et al., 2010; Gaji et al., 2011) , and it has been proposed that they represent a unique tachyzoite state (Lescault et al., 2010) . While the parasite is in the extracellular environment searching for a host cell to invade, it is exposed to a lack of nutrients, metabolites and oxidative stress and PTMs may preserve the parasite viability in this harsh environment.
One way eukaryotic cells cope with stress from the extracellular environment is by phosphorylating the alpha subunit of eukaryotic initiation factor 2, inhibiting translation (Rowlands et al., 1988; Hershey, 1989) . In T. gondii, the ortholog of eukaryotic initiation factor 2, TgIF2a, is phosphorylated at serine S71 under stress (Joyce et al., 2010) , which may act to conserve resources while the organism reprograms its gene expression. In P. falciparum, dormant sporozoites within the mosquito salivary gland are phosphorylated by kinase UIS1 at serine 59 of eIF2a to inhibit protein translation . On entry into host hepatocytes, phosphatase UIS2 dephosphorylates eIF2a allowing translation of liver-stage transcripts (Zhang et al., 2016) . Phosphorylated eIF2a may be important for maintaining dormancy in both T. gondii and P. falciparum (Fennell et al., 2009; Joyce et al., 2010; Lourido et al., 2010) .
In extracellular T. gondii, acetylated proteins are enriched for proteins functioning in metabolism, translation and chromatin biology (Xue et al., 2013) . Xue et al. compared the acetylome of extracellular parasites, containing 96 uniquely acetylated proteins, to a previous study of the intracellular acetylome (Jeffers and Sullivan, 2012) , containing 216 uniquely acetylated proteins.
Comparison of these studies led to the conclusion that significant changes to the proteome occur between intracellular and extracellular stages (Xue et al., 2013) , similar to changes observed in mRNA expression (Gaji et al., 2011) .
Fewer ubiquitinated proteins were detected in extracellular tachyzoites compared to intracellular parasites (Silmon de Monerri et al., 2015) , and proteins that are upregulated at the transcriptional level in G1 phase were enriched in the extracellular parasite ubiquitinome. For a number of proteins ubiquitinated at multiple sites in intracellular tachyzoites, several of those ubiquitination sites were not detected in extracellular stages, while other proteins such as glycolytic enzymes were detected as being ubiquitinated only when parasites were extracellular (Silmon de Monerri et al., 2015) . These stagespecific differences suggest that ubiquitination has a role in regulating metabolism in extracellular tachyzoites, though follow up experimental investigations at the individual protein level are necessary for confirmation.
Extracellular tachyzoites contained 181 fewer MMA sites compared to intracellular tachyzoites , suggesting an overall decrease in MMA in extracellular tachyzoites, consistent with reduced MMA during the G1 cell cycle arrest of extracellular parasites (Lescault et al., 2010) . Nonetheless the extracellular MMA proteome shares many features with that of intracellular tachyzoites . In human cells, changes in arginine methylation occur during transcriptional arrest (Sylvestersen et al., 2014) . Thus, arginine methylation may play a role in repression of transcription under stress in extracellular tachyzoites.
Several studies in P. falciparum have compared PTM levels between different stages within the asexual intraerythrocytic cycle. Peak levels of SUMOylation are found in trophozoites and schizonts due to increased oxidative stress from heme toxicity as a result of hemoglobin digestion (Reiter et al., 2013) . SUMOylation is upregulated in response to cellular stress (Lee et al., 2007; Golebiowski et al., 2009) and is thought to play a role in promoting cell survival (Tempe et al., 2008) . Phosphoproteomic studies of P. falciparum merozoites along with schizont proteomic studies (Solyakov et al., 2011; Treeck et al., 2011; Lasonder et al., 2012; Pease et al., 2013; Collins et al., 2014) have identified differential phosphorylation between these P. falciparum stages (Lasonder et al., 2015) . These differences in the phosphorylation pattern include exclusion of phosphotyrosine from merozoites and phosphotyrosine-specific sequence motifs associated with phosphorylation (Lasonder et al., 2015) . Furthermore, three independent phospho-motif-specific antibodies showed differential distribution of the core motif (K/R)xx(S/T) in merozoites and schizonts in vivo (Lasonder et al., 2015) . Previous work on protein kinase G (PKG) found it to be active during the asexual life cycle in schizogony (Taylor et al., 2010) , liver stage development (Falae et al., 2010) and egress (Dvorin et al., 2010; Collins et al., 2013) , in the mosquito stages where it has roles in ookinete motility (Moon et al., 2009; Brochet et al., 2014) , and gametogenesis (McRobert et al., 2008) .
Glycosylation is highly upregulated in T. gondii bradyzoite cysts and is essential to differentiated parasite viability. A proteomic analysis of the T. gondii glycoproteome of tachyzoites confirmed the abundance of both O-linked and N-linked glycoproteins with numerous modified proteins found in surface proteins, microneme proteins, rhoptry proteins, heat shock proteins and hypothetical proteins . O-linked glycosylation occurs in the Golgi apparatus and N-linked glycosylation occurs in the endoplasmic reticulum. Recently in T. gondii a nucleotide-sugar transporter, TgNST1, was shown to be a bona fide NST, capable of transporting UDP-GlcNac and UDP-GalNac across membranes (Caffaro et al., 2013) . On deletion of TgNST1, in vitro-derived cysts were no longer reactive with Dolichos biflorus agglutinin (DBA) and Wheat germ agglutinin (WGA) lectins, and mice infected with this mutant strain produced lower cyst loads. These data indicate a role for glycoconjugates in the structure and persistence of T. gondii cysts (Caffaro et al., 2013) .
In T. gondii the glycoprotein CST1, which contains a large mucin domain, has been shown to localize to the cyst wall and confer structural rigidity to tissue cysts (Tomita et al., 2013) . The mucin-like domain consists of 20 threonine-rich tandem repeats that are O-GalNac modified. Deletion of this mucin domain results in a lack of cyst wall structural rigidity indicating that this domain and glycosylation is required for the formation of a sturdy cyst wall (Tomita et al., 2013) . A follow-up study demonstrated that polypeptide N-acetylgalactosaminyltransferases (ppGalNAc-Ts) were responsible for initiating O-GalNac glycosylation and that the addition of these carbohydrate moieties takes place in a hierarchical fashion with ppGslNac-T2 initiating glycosylation at the mucin domain and ppGalNac-T3 responsible for sequential glycosylation (Tomita et al., 2017) . Furthermore, this study demonstrated that an absence of glycosylation on the CST1 mucin domain resulted in a lack of cyst wall structural rigidity (Tomita et al., 2017) .
In addition to long glycosyl chains, a pentasaccharide modification is important for the function of E3 Ubiquitin Ligase Adaptor Protein Skp1 in T. gondii growth and development, where it alters the ability of Skp1 to act as an oxygen sensor (Rahman et al., 2016 (Rahman et al., , 2017 . OGlcNAcylation is another type of glycosylation wherein a single monosaccharide GlcNAc is added to serine or threonine residues on target proteins. O-GlcNAc is a dynamic and abundant PTM, known to occur in the cytosolic, nuclear and more recently in the mitochondrial compartments of eukaryotes (reviewed in Butkinaree et al., 2010) . O-GlcNAc is catalyzed and removed by OGlcNAc transferase (OGT) and O-GlcNAcase. Genes encoding OGT have been identified in protists: Giardia, Cryptosporidium, Toxoplasma and Dictyostelium, suggesting the presence of OGT enzymes in lower eukaryotes (Banerjee et al., 2009) . A corresponding OGlcNAcase has yet to be identified in any of the Apicomplexa. O-GlcNAcylation was detected in T. gondii using antibodies against the PTM and numerous high molecular weight (above 130 kDa) O-GlcNAc modified proteins were found (Perez-Cervera et al., 2011) . OGlcNAcylation appears to be abundant on a diverse set of intracellular proteins in T. gondii (Silmon de Monerri et al., 2015 and Silmon de Monerri and Kim, unpublished data) .
Although OGT genes have not been identified in P. falciparum, O-GlcNAc has long been speculated to occur in this parasite. There is evidence for the PTM occurring on merozoites surface protein 1 (MSP1) with the drawback that due to its extracellular localization it may not be due to parasite catalyzed O-GlcNacylation (Hoessli et al., 2003) .
Host-parasite interactions
To promote a favorable environment for growth and replication, Apicomplexa manipulate the host cells in which they reside, for example, by downregulating immune pathways and reorganizing host cell subcellular structure. Parasites induce PTM of proteins that are secreted into the host cell as well as native host proteins. An artillery of serine threonine kinases known as rhoptry proteins (ROPs) are conserved in several Apicomplexan parasites including T. gondii. Several ROPs have been shown to be key virulence factors that are secreted into the host cell; some family members phosphorylate host proteins. In T. gondii, the immune-related GTPases (IRGs) are recruited to the parasitophorous vacuole where they play an essential role in parasite destruction. On phosphorylation of IRGs by ROP18, IRG-mediated destruction is prevented (Fentress et al., 2010) and this supports the role of ROP18 as a main contributor to T. gondii virulence in mice (Taylor et al., 2006; Saeij et al., 2007) . The ability of IRG proteins to bolster innate resistance subverted by the virulence of ROP kinases is thought to have led to both an expansion of host IRGs as well as parasite ROPs as a result of coevolution. Until recently not much was known about how GTPases are targeted to the parasitophorous vacuole. Choi et al. have reported that the LC3 conjugation system of autophagy is necessary and sufficient to target GTPases to membranes in a process known as 'Targeting by Autophagy Proteins' (TAG). This data suggests that the autophagy system through LC3 conjugation has been repurposed to detect and label pathogencontaining vacuoles for elimination by the host immune system (Choi et al., 2016) .
Toxoplasma gondii ROP16, directly phosphorylates tyrosine residues on host signal transducer and activator of transcription (STAT) STAT1, STAT3, STAT5 and STAT6 (Yamamoto et al., 2009; Ong et al., 2010; Butcher et al., 2011; Rosowski et al., 2012; Jensen et al., 2013) . Phosphorylation of STAT3 and STAT6 results in downregulation of the Th1 inflammatory response, dysregulation of apoptosis (Carmen and Sinai, 2007) , suppression of IFN-y-induced STAT1 activation and inhibition of dendritic cell maturation (McKee et al., 2004) . Several studies have documented changes in the host proteome in parasitized cells, including differential phosphorylation following T. gondii infection (Nelson et al., 2008) due to secreted T. gondii proteins modifying host cell protein phosphorylation (Braun et al., 2013; Alaganan et al., 2014; Du et al., 2014) .
Many proteins that are secreted into the host cell by either Plasmodium spp. or T. gondii are highly phosphorylated (Treeck et al., 2011; Jacot and Soldati-Favre, 2012) . The ROPs, including ROP18 and ROP16, belong to a subproteome sometimes known as the exportome, which consists of proteins that are exported out of the parasite into the parasitophorous vacuole or host cell. In Plasmodium and T. gondii, the exportome is known to contain some of the most highly phosphorylated proteins (Jacot and Soldati-Favre, 2012) . The majority of these proteins are hypothetical proteins with unknown functions and, thus, the impact of phosphorylation on these proteins has yet to be determined. In T. gondii, the phosphorylated exportome is enriched for rhoptry and dense granule (GRA) proteins, many of which have been demonstrated to modify the host cell (Treeck et al., 2011) . Similarly, in T. gondii, GRA24 is exported into the host cell where it forms a stable dimeric complex with p38a mitogen-activated protein (MAP) kinase and causes translocation to the nucleus (Pellegrini et al., 2017) and prolonged autophosphorylation for up to 24 h (Braun et al., 2013) . This prolonged autophosphorylation is in contrast to p38 activation by most other stimuli which usually lead to transient activation over a period of minutes (Ferreiro et al., 2010) . GRA24 activates p38a MAPK through parasite-specific Thr 180 autophosphorylation and not the typical MAPK phosphorylation cascade, suggesting that GRA24 can control p38a kinase activity (Braun et al., 2013) . The p38a MAPK signaling cascade is essential for IL-12 production in T. gondii-infected macrophages, which contributes to the Th1 Tlymphocyte response (Kim et al., 2005) , and is required for innate and acquired host defense mechanisms to microbial pathogens (Dong et al., 2002) .
While it seems paradoxical for the parasite to induce a proinflammatory response, it has been proposed that controlling parasite numbers in this way increases survival of the host and also facilitates differentiation to the chronic bradyzoite form (Hunter and Sibley, 2012) . Interestingly, soon after invasion parasites counteract this proinflammatory response through a number of pathways, one of which includes ROP16 which phosphorylates tyrosine residues on STAT3 and STAT6 to downregulate the Th1 inflammatory response (Saeij et al., 2007; Yamamoto et al., 2009; Butcher et al., 2011) . The GRA24 p38a MAPK interaction illustrates the complexity of host-parasite interactions and extends the role of dense granule proteins beyond their functions in parasitophorous vacuole formation and maturation.
ROP5, involved in invasion and virulence by increasing ROP18 kinase activity, is palmitoylated (Caballero et al., 2016) . Palmitoylation may regulate ROP5's ability to interact with ROP18, other binding partners and its affinity as a competitive inhibitor of IRG oligomerization (Fleckenstein et al., 2012; Niedelman et al., 2012) , some of which are determinants of T. gondii virulence in mice. ROP5 was also found in complexes with ROP pseudokinases ROP2/ROP8 and ROP4/ROP7 and although the role of these pseudokinases are unknown (Alaganan et al., 2014) , their binding interaction with ROP5 may be regulated by its palmitoylation status.
In a study of acetylation in P. falciparum, 197 acetylation sites were detected on 72 proteins predicted to be exported outside of the parasite (Cobbold et al., 2016) , consisting mostly of erythrocyte membrane proteins (PfEMP1), rifin (Rif), Maurer's cleft transmembrane proteins and conserved Plasmodium proteins of unknown function (Cobbold et al., 2016) . In a proteome-wide study of lysine acetylation in uninfected and T. gondiiinfected cortical astrocytes, 529 lysine acetylation sites were discovered on 304 proteins, involved in RNA processing, metabolism, chromatin biology and translation (Bouchut et al., 2015) . Previous studies found differences at protein and transcript levels between infected and uninfected cells based on human foreskin fibroblast gene expression data (Blader et al., 2001; Saeij et al., 2007; Melo et al., 2013) and protein levels in host metabolic pathways (Nelson et al., 2008; Zhou et al., 2011) . Bouchut et al. found changes in gene expression in astrocytes infected with T. gondii by comparing them with uninfected cells (Bouchut et al., 2015) . Infected cells had a 3.3-fold increase in acetylation of complement factor C3, which may influence the folding, secretion or cleavage to impact the complement cascade. Changes in acetylation were identified on 58 proteins, 34 of which showed at least a twofold increase in acetylation in infected astrocytes. Some of these proteins are lysine acetyltransferases (KATs), lysine deacytlases (HDACs) and transcription factors, directly implicating them in the observed changes in acetylation and gene expression.
The combined effects of these various PTMs on the host-parasite relationship remain unclear and will require significantly more investigation into the roles these various modifications play in the host, how they interact with each other, and what effects they have on the host-parasite biology.
Integrated analysis of T. gondii PTM proteomes
The studies mentioned previously provide abundant data supporting crosstalk between PTMs in these parasites. The combination of different PTMs on a protein is read by PTM-binding proteins. To obtain insights into the interactions between different PTMs in T. gondii, in recent work we took published and unpublished proteomic data on PTMs and performed pairwise comparisons between PTM datasets using a statistical test of enrichment (Silmon de Monerri et al., 2015) . A similar analysis is presented as a heat map in Fig. 1 . We identified significant overlap between proteins identified by proteomics to be arginine monomethylated and phosphorylated. While phosphorylation targets are significantly enriched in several other PTM proteomes, proteins that are succinylated and phosphorylated do not significantly overlap. Ubiquitination, O-GlcNAcylation and Palmitoylation proteomes are also significantly enriched in the proteins in each dataset. This type of analysis can yield information about the nature of interactions between proteomic datasets and suggests that there is significant crosstalk between PTM proteomes in T. gondii. It should be appreciated, however, that data on each proteome may be biased in terms of the subcellular compartment used for enrichment, choice of antibody or highly abundant proteins.
In some organisms, PTMs accumulate on specific types of protein or proteins in a particular pathway. To gain an understanding of the biological targets of PTMs at the pathway level, we performed enrichment analysis using gene ontology (GO) gene lists, which are curated groups of genes classified by function or pathway. Figure 2 depicts a heatmap of enrichment scores (p-values derived from a statistical test of enrichment) of GO pathways for each set of proteins in a PTM proteome. Not all of the PTM gene sets are enriched in the same GO pathways, suggesting that PTMs tend to target proteins in distinct biological pathways. For example, proteins in the ubiquitome, O-GlcNAc-ome, palmitoylome and acetylome are significantly enriched in GO pathways related to protein biosynthesis (e.g., translation). In contrast, the succinylome, phosphoproteome, arginine monomethylome and SUMO proteome are not. The succinylome is enriched in GO pathways related to the tricarboxylic acid cycle, mitochondrial pathways and metabolism. The role of succinylation in metabolism and mitochondrial processes has been noted previously (Park et al., 2013; Rardin et al., 2013; Weinert et al., 2013) and reviewed in (Hirschey and Zhao, 2015) . Conversely, the phosphoproteome is enriched in kinase and phosphotransferase functions, as well as nuclear proteins. Together, these data suggest that PTMs have unique functions in T. gondii and target specific pathways and compartments in this organism. Lists of proteins detected by proteomics to be modified by different PTMs in T. gondii were compared to one another using a hypergeometric test of enrichment using methods described by Silmon de Monerri et al. (2015) . Both published (Braun et al., 2009; Treeck et al., 2011; Jeffers and Sullivan, 2012; Li et al., 2014; Foe et al., 2015; Silmon de Monerri et al., 2015; Yakubu et al., 2017) and unpublished (O-GlcNAc dataset, Silmon de Monerri and Kim, in preparation) PTM datasets were analyzed. Color key is in -log2 (p-value).
PTMs typically occur in a spatiotemporal manner, and in other organisms have been identified as key cell cycle regulators. Ubiquitination, for example, is an essential regulator of checkpoint control during cell cycle; ubiquitination of checkpoint complexes enables progression of cells through cell cycle checkpoints (Bassermann et al., 2014) . Like other eukaryotes, T. gondii undergoes cell cycle, during which parasites grow and divide. T. gondii has an 8-h cell cycle, proceeding with G1 phase followed by S, M and C phases. In T. gondii, the G2 phase is either lacking or very short (Radke et al., 2001) . Mitosis in T. gondii is closely linked to cytokinesis, due to the organism's specialized form of division known as endodyogeny. In this process, daughter cell budding takes place within the mother cell in late S phase immediately before entering mitosis. Similar to classic eukaryotic cell cycle, checkpoints assess progress of the cell through various phases of the cell cycle in T. gondii. There are also at least START and M-phase checkpoints, as well as a mid-G1 checkpoint (Radke et al., 2001; Conde de Felipe et al., 2008) . There are distinct G1 and S/M regulated subtranscriptomes in this organism .
In recent work, we determined that a large number of ubiquitination targets in T. gondii are regulated in a cell cycle-dependent manner at the level of transcription (Silmon de Monerri et al., 2015) . To determine whether proteins of specific PTM proteomes are enriched for cell cycle regulated genes, we looked for enrichment of PTM-modified proteins in gene sets consisting of genes upregulated at different time points in G1 and S/M phase. Here, we expanded on this analysis to include proteins identified to be palmitoylated in T. gondii, from a recent proteomic study (Foe et al., 2015) . Figure 3 shows PTM proteomes are enriched in genes upregulated at 4.5-5.5 h and 6.5-8 h during G1 phase. Only the phosphoproteome and arginine monomethylome are enriched in genes upregulated in mid-G1 (4.5-5.5 h). This could correspond to a mid-G1 checkpoint identified in T. gondii (Radke et al., 2001; Conde de Felipe et al., 2008) . A cell in G1, prior to initiating a round of replication, is invested in cell growth with eukaryotic cells arrested in this stage obtaining a relatively large cell size (Hartwell and Unger, 1977) . The enrichment of upregulated mid-G1 proteins in the phosphoproteome and monomethylome may reflect a need for increased signaling, gene regulation and protein synthesis associated with cell growth. Of the ubiquitinated proteins upregulated in G1, 35 are also present in the phosphoproteome; many of which are transcription factors and part of the replication machinery (Silmon de Monerri et al., 2015) , which may reflect the cell being in an anabolic state. The wave of enrichment seen at 6.5-8 h, at the end of G1 phase in which all analyzed PTMs show enrichment for the upregulated genes, likely precedes or coincides with a START (G1/S) checkpoint, responsible for allowing parasites to reenter cell cycle (White et al., 2005) . At this point, the cell is preparing for replication and duplicates the Golgi and centrioles (Pelletier et al., 2002; Hartmann et al., 2006; Nishi et al., 2008) , which indicates a commitment to DNA replication.
Turning to the S/M subtranscriptome, proteins that are targets of ubiquitin, phosphorylation and palmitoylation are significantly enriched in genes upregulated between hours 3 and 4. During S/M phase, chromosome replication, mitosis and budding occur. The IMC is central to these processes, and many IMC genes are upregulated in mid-S/M phase. Accordingly, IMC proteins are highly decorated with numerous PTMs (as discussed above). Silmon de Monerri et al. note that several E3 ligases (ubiquitinating complexes) are upregulated at the same mid-S/M time point (Silmon de Monerri et al., 2015) . This stage of T. gondii cell cycle is crucial for ensuring parasite integrity is maintained and mitosis occurs correctly; it is, thus, likely to represent an important checkpoint. This phase of the cell cycle also contains a proposed checkpoint associated with 1.8 N DNA content in late S phase where chromosome replication slows or halts right before entering mitosis (Radke et al., 2001) . T. gondii encodes a large number of eukaryotic ubiquitinating complexes, responsible for marking cell-cycle proteins and cyclins for destruction by the proteasome (Teixeira and Reed, 2013; Bassermann et al., 2014) . However, homologues of cyclins and CDK substrates Cell cycle enrichment analysis of published (Braun et al., 2009; Treeck et al., 2014; Jeffers and Sullivan, 2012; Li et al., 2014; Foe et al., 2015; Silmon de Monerri et al., 2015; Yakubu et al., 2017) and unpublished (O-GlcNAc, Silmon de Monerri and Kim, in preparation) PTM datasets. Proteins identified in proteomic studies of PTM were compared against cell cycle gene sets by a hypergeometric test of enrichment. Gene sets were composed of genes that are transcriptionally upregulated in G1 or S/M subtranscriptomes at time points during the 8 h T. gondii cell cycle, as described by Croken (Croken et al., 2014) . (A) Two peaks of enrichment are seen in G1 phase (h 4.5-5.5; h 6.5-8) and (B) one peak of enrichment in S/M phase (h 3-4). Adjusted p-values (-(log2)-transformed) are plotted.
were not identified in the T. gondii ubiquitin proteome (Silmon de Monerri et al., 2015) . This ties in with other work suggesting that T. gondii does not exploit classic eukaryotic cell cycle control mechanisms (Radke et al., 2001) . While over 35% of ubiquitinated proteins are cell cycle-regulated, with 63 proteins being both ubiquitinated and phosphorylated at the boundary of S/M phase, many of these proteins are IMC and cytoskeletal proteins (Silmon de Monerri et al., 2015) , which represent a unique function for ubiquitination in cell cycle given that these proteins are tightly regulated during endodyogeny. Together with the finding that many of these proteins are also phosphorylated (Silmon de Monerri et al., 2015) , this may indicate coordinated phosphorylation and ubiquitination in regulating transition through cell division in IMC. Together, these findings suggest that PTM are coordinated throughout the cell cycle in T. gondii and may have an important function in regulating cell cycle transitions.
A role for ubiquitination in the regulation of the parasite cell cycle is supported by recent work on a cell cycle regulated enzyme called TgOTUD3, a deubiquitinase with homology to the ovarian-tumor domain-containing family OTU (Dhara and Sinai, 2016) . TgOTUD3 was found to be exclusively active against polyubiquitin with a preference for specific lysine linkages (primarily K48 followed by K11 and K63) and to colocalize with developing daughter IMC scaffolds (Dhara and Sinai, 2016) . TgOTUD3 was proposed to prevent degradation of newly formed daughter scaffolds and its cell cycledependent preferential K48 deubiquitinase activity has been attributed to functions in cell cycle regulation similar to what is seen in yeast (Rodrigo-Brenni and Morgan, 2007) . In conclusion, this evidence collectively suggests that ubiquitination and other PTMs, most likely, act as regulators of the cell cycle in T. gondii.
PTMs as regulators of the P. falciparum cell cycle
Due to the few published P. falciparum proteomic datasets amenable to cell cycle analysis by gene enrichment this PTM analysis could not currently be applied to P. falciparum; however, findings from multiple studies in P. falciparum suggest that PTMs are also involved in cell cycle regulation in this parasite. Differences between the phosphoproteome of P. falciparum schizonts and merozoites have been observed (Alam et al., 2015; Lasonder et al., 2015) . Another study (Lasonder et al., 2015) demonstrated an increase in ubiquitination in extracellular P. falciparum merozoite stages, which was suggested to be related to autophagic digestion of organelles as a result of starvation-induced translational arrest. In the same study, an interaction network analysis of the merozoite phosphoproteome detected significant enrichment of pathways involving ubiquitinmediated degradation and the proteasome core complex (Lasonder et al., 2015) . Together, these findings suggest significant interplay between phosphorylation and ubiquitination pathways in merozoites. Ubiquitination may also occur in a differential manner during the asexual cell cycle of P. falciparum. Ponts et al. detected 73 ubiquitinated proteins across ring, trophozoite and schizont stages, with the majority of ubiquitinated proteins found in schizonts and only 18 being common to all stages (Ponts et al., 2011) . The relative abundance of ubiquitinated proteins peaked at the trophozoite stage. This peak is in contrast to a previous study in which ubiquitinated proteins were most abundant at ring and schizont stages (Le Roch et al., 2004) . This disparity may be due to the anti-ubiquitin antibody used for immunoprecipitation by Le Roch et al., which detected free ubiquitin (Le Roch et al., 2004) as opposed to the one used by Ponts et al., which did not detect free ubiquitin (Ponts et al., 2011) . Other proteomic studies in P. falciparum have demonstrated differential methylation of arginine (Zeeshan et al., 2017) and lysine (Kaur et al., 2016) in ring, trophozoite and schizont stages. In both studies, less than a quarter of all identified methyl-modified proteins are detected in all three stages, suggesting that methyllysine and methylarginine are cell cycle regulated in P. falciparum asexual stages. In combination these studies clearly point to PTMs as potential regulators of cell cycle progression and as have having a role in stage-specific biological processes in the Apicomplexa.
Conclusions
PTMs play important roles in virtually all aspects of Apicomplexan biology, including differentiation, invasion and egress, protein localization and transcription. Beyond the boundaries of the parasite, PTMs modify the host cell environment to create a hospitable environment for survival, replication and dissemination. An exciting avenue of future research into PTMs will be the discovery of how the complement of PTMs present in an organism interact with one another to regulate parasite biology. It has yet to be discovered whether PTMs harbor a large degree of redundancy or function in a tightly organized network of PTM crosstalks. Although, there are a number of proteome-wide studies with varying degrees of proteome coverage, we do not know exactly how representative these studies are of all of the modifications on the proteins that are surveyed. Examination of proteomic data has demonstrated that the vast majority of peptides in shotgun proteomics approaches are unassigned, with modified peptides making up a large Post-translational modifications in apicomplexans 15 fraction of these spectra (Chick et al., 2015) . This problem persists despite strides in the field of proteomics toward very high mass accuracy, improved acquisition rates for MS/MS and higher resolution mass spectrometers. Incorporation of ultra-tolerant database searches, which consider upwards of 1000-fold more peptides for matching than directed searches and match more unassigned spectra, may circumvent this issue (Chick et al., 2015) .
Proteomics studies have identified a vast number of diverse PTMs on apicomplexan proteomes, providing a wealth of information and opportunities for future research. To date, very few PTMs have been assigned a biological function and this can be extremely challenging. Until functional studies can be performed in a high throughput manner, studies need to be performed on individual proteins. New approaches are required to fuel discovery of the numerous important biological functions PTMs are likely to have in the Apicomplexa.
